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Abstract

This study investigated the electrochemical degradation of methyl orange dye (MO) in aqueous solution using copper/graphite 

electrodes as anode and cathode respectively. The process parameters such as electrolyte concentrations, current density, pH and 

temperature were analyzed. The results proved that copper/graphite electrodes were effective for MO degradation and the reaction 

followed the first-order kinetic model. The degradation efficiency decreased with increasing MO concentration and increased steadily 

with current density. The pH trend with degradation efficiency was pH 9 (98%) > pH 7 (96%) > pH 3 (77%) after 70 min of electrolysis 

time, which shows that the alkaline conditions favoured the degradation process. Fourier transform infrared spectroscopy (FTIR) and 

UV–Vis absorption spectroscopy confirmed the dye degradation process, with the formation of degradation intermediates. The FTIR 

results revealed that the oxidative degradation of MO may be initiated at the N=N azo bond, which was confirmed by quantum 

chemical modelling of the electronic structure parameters of MO.
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1 Introduction
Water pollution is a global environmental issue associated 
with increasing rates of urbanization and industrializa-
tion. Dye wastewaters are usually produced by industrial 
processes, such as metal plating, paint, pulp and paper, 
textile, pharmaceutical, petrochemical industries, to men-
tion but a few. The treatment of dye wastewater produced 
by textile industries has continued to attract much atten-
tion [1–3], due to their persistence in the environment, 
and conventional treatment methods are often insufficient 
to remove them completely from the environment [4, 5]. 
Electrochemical oxidation is now considered a promis-
ing technique for the degradation of persistent organic 
pollutants present in wastewater. The technique is prov-
ing attractive due to its cost-effectiveness, high efficiency, 

environmental compatibility, versatility, simplicity of 
deployment and ease of operation [6–11]. 

Electrochemical oxidation employs either, indirect or 
direct oxidation processes, or both, during electrolysis, 
to degrade a wide range of organic contaminants and decon-
taminate different environmental matrices (soil, water and 
even air). Anode materials play a key role in electrochemi-
cal oxidation, influencing process efficiency as well as sys-
tem integrity [12, 13]. Electrochemical oxidation has been 
found effective for dye degradation [14, 15] and has also 
demonstrated that organic pollutants can be completely 
mineralized, forming CO2 and H2O as end products [16].

Methyl orange (MO) is a water-soluble azo dye, com-
monly used as a dye in the food, paper and leather textile 
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industries [1]. The presence of the sulphonic group and 
the stable double bond N═N in the structure, imparts 
acidic properties to the dye. The release of MO contain-
ing wastewater into the environment without proper treat-
ment has pronounced adverse environmental and health 
effects, including mutagenic and carcinogenic conse-
quences [17, 18]. Therefore, the development of techniques 
for the degradation of MO remains an R&D priority. 
Yang et al. [19] studied the electrochemical degrada-
tion of methyl orange wastewater by Nb/PbO2 electrodes 
and obtained a degradation efficiency of 99.6%. Yusuf 
et al. [20] observed an efficiency of almost 100% within 
13 min for the degradation of methyl orange using a novel 
polymer disk electrode. Chaúque and co-workers [5] used 
Fe/Ag nanoparticles immobilized on polyacrylonitrile 
nanofibers for the MO removal, using EDTA chelating 
agents, and obtained >96% removal efficiency. 

The choice of electrode material plays an important role 
in achieving high efficiencies in the oxidative degradation 
of pollutants. In this study, copper and graphite are used as 
anode and cathode materials for the electrochemical deg-
radation of methyl orange in an environment. The opti-
mization of the electrochemical degradation of methyl 
orange was achieved by evaluating the influence of sev-
eral process parameters such as electrolyte concentration. 

2 Methodology
2.1 Chemicals and reagents
Methyl orange (MO) obtained from Aldrich was used 
to prepare a test solution at a concentration of 15 mg/L. 
Potassium chloride (Sinopharm, China) was used as a sup-
porting electrolyte. Sulphuric acid and sodium hydrox-
ide (Sinopharm, China) were used for pH adjustment. 
All chemicals were analytical reagent grade and were used 
without further purification.

2.2 Dye degradation experiments
Electrochemical degradation of MO solution was carried out 
in an electrolytic cell of 500 cm3 capacity, with a thermo-
static magnetic stirrer (Hanchen, ZHU-245, China). Copper 
and graphite plates with dimensions 100 × 30 × 2 mm were 
used as anode and cathode, respectively, and were con-
nected to a digital DC power supply (MCH-K305D, China). 
The supporting electrolyte KCl was added to the dye solu-
tion prior to electrolysis. 1 M H2SO4 or 0.1 M NaOH was 
used for the pH adjustment of the dye solution. For the 
experiment, MO was mixed with the required amount of the 
electrolyte. The electrodes were connected to the DC power 

supply and the current density was set to the desired value. 
Samples were retrieved at 10 min intervals during the elec-
trolysis process, up to 70 min and then sent for analysis. 
Experimental variables included initial solution pH (3, 9 and 
11), current density (15 mA/cm2–75 mA/cm2), temperature 
(T = 303, 318 and 333 K) and electrolyte concentration (0.5–
1.5 M). All experiments were performed in triplicate, and 
the standard deviation ranged from 0.25 to 2.43%.

2.3 Analytical procedure
The concentrations of MO before and after the electro-
lytic degradation experiments were determined using 
a UV–Vis spectrophotometer Lasany (LI-722), India. 
The degradation efficiency (DE) was calculated using the 
following relationship:

DE% ,�
�

�
C C
C
i f

i

100  (1)

where Ci is the initial dye concentration (mg/L) and Cf is 
the dye concentration (mg/L) after electrolysis for a time 
interval t.

Time evolution of the MO degradation profile was 
monitored by full wavelength scanning experiments using 
a Shimadzu UV-3600 Plus UV-Vis-NIR spectrophotome-
ter, Japan at a maximum wavelength (λmax = 470 nm) for 
dye solutions. Also, the degradation-induced changes in 
functional groups on MO and its degradation intermedi-
ates were monitored using a Spectrum 2 Fourier transform 
infrared spectrophotometer (FTIR, Perkin Elmer).

2.4 Quantum chemical computations
Computations were performed using the density func-
tional theory (DFT) electronic structure program DMol3 
included in the Material Studio software (BIOVIA 
Materials Studio Academic Research Suite (Product No: 
5CB-LUR), France).

3 Results and discussion
3.1 Degradation profile of methyl orange dye
UV-Vis absorption spectroscopy has been used to moni-
tor the degradation process of MO with time. The maxi-
mum absorption wavelength of MO in the visible range 
is 470 nm. Fig. 1 presents the degradation profile of MO, 
with the maximum absorption peak at 470 nm, which 
decreased steadily in intensity with the progress of degra-
dation. The disappearance of the peak was observed after 
40 min, indicating complete decolorization of the MO con-
taminated water by the copper anode and graphite cathode.
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3.2 Effect of supporting electrolyte
Electrolytes contain ions that increase the conductivity of 
a solution, making them electrically conductive, thereby 
providing support for the exchange of electrons between 
the anode and the cathode, which can promote both direct 
and indirect oxidation of contaminants. Electrolytes are 
essential additives in the electrolysis of poorly conducting 
organic species like organic dyes. Accordingly, the influ-
ence of different concentrations of potassium chloride 
on the decolorization of MO-containing wastewater was 
investigated in this study.

Fig. 2 illustrates the effects of different KCl concentra-
tions on the decolorization efficiency of MO. The results 
clearly show that the decolorization efficiency increases 
with KCl concentration, with an optimal effect observed for 
1 M KCl. At low KCl concentrations (0.05–0.5 M), a steady 
linear increase in decolorization efficiency is observed, 
within the time interval studied. At a KCl concentration of 

1.0 M, the linear increase in efficiency with time occurred 
rapidly, and after 30 minutes a stable decolourization state 
was reached, with a decolorization efficiency of 98%.

The KCl electrolyte, not only increases the conduc-
tivity of the solution, but also generates strongly oxidiz-
ing chlorinated species (Cl2, HOCl, and OCl–), that result 
from oxidation of the chloride anion (Eqs. (2)–(5)). These 
species promote rapid degradation of the pollutants [21]. 
Accordingly, the high degradation rate at higher Cl− con-
centration is attributed to the formation of a larger concen-
tration of active oxidizing chlorinated species.

2 2 2 2
2
H O OH H e� � �� �  (2)

2 2
2

Cl Cl e
� �� �  (3)

Cl H O H HOCl Cl
2 2
� � �� �



 (4)

HOCl H OCl

� ��  (5)

3.3 Effect of current density
In electrochemical oxidation processes, current density is 
one of the most important factors responsible for initiating 
and maintaining electron flow through the electrochemi-
cal cell. Current density influences both electron transfer 
and the generation of active species, which directly affects 
organic pollutants removal rates. The effect of current 
density on MO decolourization efficiency was investigated 
and the results are shown in Fig. 3. A trend of increasing 
decolourization efficiency with both current density and 
time is obvious from Fig. 4. The highest degradation effi-
ciency of 98% was obtained at a high current density of 
75 mA/cm2 in 70 minutes.

Increasing the current density of an electrolytic pro-
cess should enhance numerous individual background 
processes. For instance, higher current densities increase 

.

Fig. 1 Full wavelength scanning of degradation behaviour of MO 
with time

Fig. 2 Effect of KCl electrolyte on decolorization efficiency of MO 
(Dye concentration = 15 mg/L, T = 301 K, voltage (U) = 25 V, current 

density = 75 mA/cm2)
Fig. 3 Effect of current density degradation efficiency on MO (Dye 

concentration = 15 mg/L, T = 301 K, U = 25 V, electrolyte = 1 M KCl)
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the rate of transport of electroactive species towards the 
electrodes and as also increase the rates of electron trans-
fer reactions at the interface, resulting in a net increase in 
the rates of electrochemical processes. Moreover, higher 
current densities should also increase the generation rates 
of highly oxidizing chlorinated species responsible for the 
oxidative degradation of MO [22, 23]. Wang et al. [24] 
studied the electrochemical oxidation of methyl orange 
with Magnéli phase Ti4O7 anode and observed that the deg-
radation of MO was current density dependent, reaching 
99% removal rate after 30 min when the current density 
increased. Yang et al. [19] observed the MO removal effi-
ciency increased with an increase in current density using 
a Nb/PbO2 electrode. This behaviour was also attributed 
to the generation of more oxidising free species, such as 
peroxodisulfates or hydroxyl radicals. According to Yusuf 
et al. [20], the slow degradation of MO at lower current 
results from the associated reduction in the reaction flux.

3.4 Influence of pH on the degradation of MO
The physicochemical properties of the wastewater pro-
duced by different industries indirectly change the pH of 
the wastewater. Dilute H2SO4 and NaOH solutions were 
used for pH adjustment. To investigate the influence of 
different pH values on the electrochemical degradation 
of MO, the experiments were performed at acidic (pH 3), 
neutral (pH 7) and basic (pH 9) conditions.

Fig. 4 shows that the pH degradation efficiency of MO fol-
lows the trend pH 9 (98% @ 40 min) > pH 7 (96% @ 70 min) 
> pH 3 (77% @ 70 min) after 70 minutes of electrolysis 
time. The result obtained shows that alkaline condition 
were the most favourable for the degradation of MO.

Some authors have proved that the anodic oxidation of 
organic pollutants either favours the acidic or the alkaline 
conditions in their studies [25]. Both researchers [22, 26] 
had similar findings to our results in their works. These 

results can be ascribed to the accumulation of OH− on the 
surface of the anode under alkaline conditions, which can 
prevent the oxidation of the anionic organic matter.

3.5 Effect of temperature
Temperature plays an important role in the rate of chemical 
and electrochemical reactions. In electrochemical degra- 
dation processes, the effect of temperature depends on the 
electrode materials used, the pollutant to be degraded and 
the current density applied. Fig. 5 shows the effects of dif-
ferent temperatures (303, 318 and 333 K) on the electro-
chemical degradation of MO. Very little variation in deco-
lourization efficiency over time is observed at the different 
temperatures. The system at 318 K was the first to achieve 
optimal and steady state efficiency, while the system at 
333 K was the last. The optimum efficiencies at the dif-
ferent temperatures also followed an almost insignificant 
trend; 303 K (99%) > 318 K (98%) > 333 K (97%).

Our results imply that an increase in temperature does 
not increase the rate of the degradation process, as would 
be expected for electrochemical processes, but rather leads 
to a very small decrease in MO decolorization efficiency. 
Similar observations have been reported by [27, 28]. This 
implies that some other background processes may coun-
teract the expected increase in reaction kinetics with 
increasing temperature. In this context, it has been shown 
that the reactive chlorinated species responsible for con-
taminant oxidation are readily decomposed when the pro-
cess temperature is increased. This is particularly true for 
HOCl and Cl2, which are gaseous species.

3.6 Degradation kinetics of methyl orange
The reaction order for the degradation of MO was deter-
mined by the integral method and is consistent with the 
first-order reaction model, as shown by the linear plots of 

Fig. 4 Effect of Initial pH on degradation of methyl orange (dye 
concentration = 15 mg/L, T = 301 K, U = 25 V, electrolyte = 1 M KCl)

Fig. 5 Effect of temperature on degradation efficiency for MO (dye 
concentration = 15 mg/L, U = 25 V, electrolyte = 1 M KCl)
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ln(A/Ao) vs time in Fig. 6. The first-order kinetic equation 
is given by [20]:

ln ,A A k to� � � � �  (6)

where Ao is the initial MO absorbance, A is the MO absor-
bance at time t, and k is the electrochemical degradation 
rate constant for MO.

3.7 FTIR analysis
MO degradation was further investigated by FTIR, to mon-
itor the evolution of the functional groups as a function of 
degradation time. Fig. 7 shows the FTIR spectra for MO 
before degradation (a) and after degradation for 45 min (b) 
and 70 min (c). The electrochemical degradation process 
resulted in the disappearance of several characteristic 
peaks in the MO spectra. These include the bands for phe-
nyl at 1596 and 1447 cm1, band at 1358 cm1 associated with 
aromatic C–N bonds and the N=N azo bond at 1436 cm1. 
These observations imply that the progressive electro-
chemical degradation leads to the breakup of the phenyl 
ring, as well as the Ar-C-N and azo bonds. Obviously, 
the cleavage of the azo bond would initiate the disintegra-
tion of the azo chromophore and subsequent decolouriza-
tion of MO. Other bands that disappeared after degrada-
tion include a series of bands from 1170 to 813 cm1, such as 
that of sulfonyl group at 1043 cm1, C–H bonds of di-sub-
stituted benzene at 813 cm1. The band at 574 cm1 shifted to 
higher wavenumbers at 613 and 624 cm1, suggesting that 
the species bearing the functional group underwent degra-
dation, resulting in increased vibration frequencies. After 

the degradation process, some newly formed bands were 
also observed. The new but short-lived band appearing 
after 45 min at 2378 cm1 indicates the possible presence of 
a C-C or C-N triple bond. The new band at 1654 cm1 can 
be ascribed to the C=O carbonyl group.

The FTIR results show clearly that the electrochemical 
degradation of MO proceeded via oxidative attachment 
to several functional groups in the dye molecule, includ-
ing the N=N azo bond, the C–N bond, the phenyl group, 
as well as the sulfonyl group, producing several degrada-
tion intermediates. Du et al [29] reported similar FTIR 
spectra for the chloride-enhanced electrochemical degra-
dation of MO using RuOx–PdO/Ti anodes.

3.8 Quantum chemical computation
Our FTIR results suggest that the N=N azo bond, the 
C-N bond, and/or the phenyl group are possible sites 
for the onset of oxidative degradation of MO. In fact, 
based on GC-MS analysis of MO degradation interme-
diates, Du et al. [29], proposed a degradation mechanism 
that occurs via attack on the N=N azo bond. We have 
thus undertaken electronic structure modelling of the 
MO molecule to map the reactivity of different sites to 

Fig. 6 First order kinetic plot the electrochemical degradation 
of MO (dye concentration = 15 mg/L, T = 301 K, U = 25 V, 

current density = 75 mA/cm2, pH = 7, electrolyte = 0.5 M KCl)

Fig. 7 FTIR spectra of the MO dye solution: (a) before degradation 
(t = 0 min), (b) after 45 min (c) after 70 min of degradation
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oxidizing species. Details of the computational proto-
col are reported elsewhere [30]. The reactivity descrip-
tors of interest include the frontier molecular orbitals and 
the Fukui indices (FI) for electrophilic (F−) and radical 
(F0) attacks. The optimized structure and Fukui functions 
of the MO molecule are illustrated in Fig. 8 and the cal-
culated Fukui indices for the atoms in the MO molecule 
are given in Table 1, in terms of Mulliken (Mullik) and 
Hirshfeld (Hirshfld) population analyses.

To investigate the plausible degradation mechanisms, 
the degradation intermediates identified based on the 
azo N=N bond cleavage were further subjected to quan-
tum chemical computations, to determine their theoreti-
cal enthalpies of formation and relative stabilities. Fig. 9 
shows the electronic structure models like total electron 
density, HOMO (highest occupied molecular orbital), 
LUMO (lowest unoccupied molecular orbital), total elec-
tron density and enthalpies of formation of MO and the 
selected degradation intermediates from the azo N=N bond 
cleavage, as reported by [28, 31, 32]. Species with more 
positive ΔE values show a greater tendency to lose elec-
trons and are therefore more susceptible to attack by oxi-
dizing species. The ΔE values ranged from 1.69 (MO) to 
1.71 (cyclohexa-2,5-diene-1,4-dione), and 3.68 (sulfanilic 
acid), to 4.65 (benzenesulfonic acid). Interestingly, full 
UV wavelength scanning of the degradation profile of MO 
revealed absorption maxima corresponding to cyclohexa-
2,5-diene-1,4-dione and sulfanilic acid. Similary, species 
with more positive enthalpies of formation would be more 
unstable and more prone to undergo side reactions and 
further degradation. The more stable degradation interme-
diates include sulfanilic acid (∆Hf = −141.9 kcal/mol), ben-
zenesulfonic acid (∆Hf = −142.5 kcal/mol), and oxalic acid 
(∆Hf = −192.0 kcal/mol). According to Gómez-Obando 
et al. [31], these compounds represent the most common 
MO degradation products, which further decompose into 
other smaller compounds and are eventually mineralized 
to carbon dioxide and water.

3.9 Energy consumption
Energy consumption is an important factor to consider 
when determining the feasibility of electrochemical deg-
radation processes on a commercial scale. The estimated 
energy consumption during MO degradation was calcu-
lated using the relationship in Eqs. (6) [33, 34]:Fig. 8 Optimized structure and Fukui functions of MO molecule

Table 1 Fukui indices for electrophilic attack on MO

(Fukui(–)) (Fukui(0))

Atom Mullik Hirshfld Atom Mullik Hirshfld

C(1) 0.037 0.034 C(1) 0.026 0.035

C(2) 0.037 0.042 C(2) 0.048 0.048

C(3) 0.036 0.042 C(3) 0.023 0.035

C(4) 0.039 0.048 C(4) 0.061 0.064

C(5) 0.03 0.04 C(5) 0.024 0.038

C(6) 0.041 0.044 C(6) 0.061 0.059

N(7) 0.044 0.062 N(7) 0.064 0.085

N(8) 0.062 0.071 N(8) 0.025 0.034

N(9) 0.072 0.080 N(9) 0.061 0.067

C(10) 0.016 0.027 C(10) 0.01 0.02

C(11) 0.029 0.035 C(11) 0.028 0.031

C(12) 0.019 0.024 C(12) 0.013 0.018

C(13) 0.027 0.035 C(13) 0.024 0.03

C(14) 0.014 0.022 C(14) 0.012 0.018

C(15) 0.038 0.037 C(15) 0.029 0.03

S(16) 0.009 0.011 S(16) 0.005 0.009

O(17) 0.014 0.014 O(17) 0.011 0.01

O(18) 0.012 0.012 O(18) 0.005 0.01

O(19) 0.016 0.016 O(19) 0.023 0.021

Na(20) 0.006 0.006 Na(20) 0.005 0

C(21) −0.012 0.018 C(21) −0.015 0.024

C(22) −0.012 0.018 C(22) −0.013 0.024

H(23) 0.033 0.02 H(23) 0.036 0.023

H(24) 0.04 0.024 H(24) 0.038 0.021

H(25) 0.039 0.023 H(25) 0.039 0.022

H(26) 0.033 0.02 H(26) 0.039 0.025

H(27) 0.032 0.018 H(27) 0.026 0.015

H(28) 0.021 0.012 H(28) 0.017 0.01

H(29) 0.021 0.012 H(29) 0.017 0.01

H(30) 0.033 0.02 H(30) 0.026 0.015

H(31) 0.021 0.013 H(31) 0.027 0.016

H(32) 0.034 0.022 H(32) 0.046 0.03

H(33) 0.033 0.021 H(33) 0.043 0.028

H(34) 0.034 0.021 H(34) 0.043 0.028

H(35) 0.034 0.022 H(35) 0.045 0.029

H(36) 0.021 0.013 H(36) 0.027 0.016
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Energy consumption kWh
W h

dm
� � � � �� � �

� �
P t
Vsol

3
,  (7)

where:

P I EW A V� � � � �� � �.  (8)

In Eq. (8) P is the power of the electrochemical cell in 
Watts (W); t, is the electrolysis time in hours (h); Vsol is the 
volume of treated solution in cubic decimetres (dm3); I is 
the current in ampere (A) and U is the voltage in volt (V). 
The economic feasibility of mineralizing of MO using Cu 
at the anode and graphite at the cathode as electrodes was 
shown in Table 2.

As shown in Table 2, energy consumption increased 
with degradation time for each applied current and 
increased with increasing current for each time interval. 
Accordingly, the highest electrical energy consumption 
(291.67 kWh/dm3) was obtained after a degradation time of 
70 min at 75 mA/mm2, with a 98% degradation efficiency. 
However, the optimum degradation (98%) was reached 

after just 40 min at high current density, corresponding 
to an energy consumption of 166.67 kWh/m3. This is less 
than the 233.33 kWh/m3 required for 70 min degradation 
at a lower current density of 60 mA/mm2, with an 75% 
efficiency. Zhou et al. [25] observed that the energy con-
sumption is closely related to the activity of the electrode 
and the structure of the contaminant. The conductivity of 
the electrolytic media and the energy consumption of the 
electrochemical process can be affected by the concentra-
tion of the supporting electrolyte.

4 Conclusion
In this work, a copper/graphite electrode was used at the 
anode and cathode for the electrochemical degradation 
of methyl orange (MO) in aqueous solution. The operat-
ing parameters for the degradation of MO were improved. 
Increasing the electrolyte concentration of KCl leads to 
an increase in the decolourization efficiency of 98% after 
30 min of electrolysis time. It was observed that a higher 
current density of 75 mA/cm2 increases the transport rate 
of electroactive species to the electrodes and also the 
rates of electron transfer reactions at the interface, lead-
ing to an increase in the rates of electrochemical degra-
dation processes by 98%. A higher degradation efficiency 
was observed at pH 9, compared to pH 3 with 98% and 
77% respectively. The FTIR results presented in this study 
showed the disappearance of the characteristic peaks of 
MO such as phenyl group, aromatic C–N bonds and the 
N=N azo bond. The highest energy consumption after 
70 min was reached at 291.67 kWh/m3.

Table 2 Electrical energy input for degradation of CV

Current (A) Voltage (V) Time (h) Energy consumption 
(kWh/m3)

1 25

0.33 16.67

0.67 33.33

1.17 58.33

2 25

0.33 33.33

0.67 66.67

1.17 116.67

3 25

0.33 50.00

0.67 100.00

1.17 175.00

4 25

0.33 66.67

0.67 133.33

1.17 233.33

5 25

0.33 83.33

0.67 166.67

1.17 291.67

Fig. 9 Electronic structure models and parameters for MO degradation 
products as adapted from [29, 31, 32]; 1 = MO, 2 = N,N dimethyl-p-

phenyldiamine, 3 = N,N dimethyl benzeneamine, 4 = benzenesulfonic 
acid, 5 = phenylamine, 6 = N,N-dimethylaniline, 7 = N-methylaniline, 
8 = phenol, 9 = benzene-1,4 diol, 10 = cyclohexa-2,5-diene-1,4-dione, 

11 = sulfanilic acid, 12 = oxalic acid
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